Adenosine is a neuromodulator in the CNS that mainly acts through pre-and postsynaptic A receptors to inhibit the release of 1 excitatory neurotransmitters and NMDA receptor function. This might result from a highly localized distribution of A receptors in the 1 active zone and postsynaptic density of CNS synapses that we now investigated in the rat hippocampus. The binding density of the 
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. Introduction
neurotransmitter responsiveness or through neuronal hyperpolarization [4] . The study of adenosine neuromodulaAdenosine is a neuromodulator in the nervous system tion in the hippocampus, one of the brain regions with the that mainly acts through inhibitory A receptors [13] .
highest density of these metabotropic A receptors (e.g. modulation of neurotransmitter release is the predominant anti-adenosine A receptor antibody (1.8 mg / ml) was 1 mechanism of A receptor inhibition of neuronal activity. from Affinity Bioreagents (Golden, USA), rabbit anti- 1 Also, to understand the high stimulus-to-stimulus efcalcium channel a1B subunit antibody (4 mg / ml) and ficiency of A receptors to depress glutamate release in the rabbit anti-calcium channel a1A subunit antibody (2 mg / 1 hippocampus [29] , it is expected that A receptors are ml) were from Alomone Labs. (Jerusalem, Israel), rabbit 1 particularly abundant in the active zone of hippocampal anti-NMDA receptor subunit 1 antibody (0.1 mg / ml) was nerve terminals, although most metabotropic receptor that from Chemicon (Temecula, CA, USA), rabbit anti-NMDA control neurotransmitter release have an higher abundance receptor subunit 2A antibody (0.2 mg / ml) was from perisynaptically, i.e outside the active zone (e.g. [45, 49] ).
Molecular Probes (Leiden, The Netherlands), rabbit antiThis possible localization of A receptors in the active NMDA receptor subunit 2B antibody (0.25 mg / ml) was 1 zone would also facilitate understanding of how A from Transduction Labs. (Lexington, USA), v-conotoxin 1 125 receptors control neurotransmitter release through an inhi-GVIA was from Alomone Labs., (3-[ I]-iodotyrosyl 22) bition of N-type voltage sensitive calcium channels v-conotoxin GVIA (2000 Ci / mmol) was from Amersham [40, 51, 52] or through a decrease in the sensitivity for (Buckinghamshire, UK). All other reagents were of the calcium of the release apparatus [2, 11, 39, 43] , since these highest purity available. two purported molecular targets of A receptors are mostly
Male Wistar rats (6-8 weeks old, 140-160 g) were used 1 confined to the active zone of nerve terminals (e.g. [21] ). throughout this study and were handled according with the In contrast to the control of synaptic transmission by EU guidelines for use of experimental animals, the rats adenosine, the neuroprotective role of adenosine depends being anesthesized under halothane atmosphere before on a combined action of presynaptic A receptor-mediated being sacrificed by decapitation. . Thus, it is also expected that A 1 receptors might be co-localized with NMDA receptors in Membranes from the whole hippocampus or from the postsynaptic density to understand the striking ability Percoll-purified hippocampal synaptosomes were prepared of A receptors to act as low-pass filters for NMDA as previously described [25] . Briefly, the two hippocampi 1 receptor activation [7, 24] . from one rat were homogenized at 4 8C in 10 volumes of a Therefore, we anticipate that the distribution of A sucrose solution (0.32 M), containing 50 mM Tris-HCl, 2 1 receptors might be heterogeneous in hippocampal nerve mM EGTA and 1 mM dithiothreitol, pH 7.6. This mixture terminals and synapses, in a manner similar to the previwas centrifuged at 3000 g for 10 min at 4 8C, the ously reported heterogeneity of extracellular metabolism of supernatant collected and centrifuged at 14 000 g for 20 adenosine, where channeling mechanisms were proposed min at 4 8C. The pellet was again resuspended in 10 ml of to occur [6, 14] . We now compare the binding density of A sucrose solution and divided into two samples, both of 1 receptors in different membrane fractions from the rat which were again centrifuged at 14 000 g for 20 min at hippocampus and took advantage of a recently described 4 8C. The pellet of one of the samples was resuspended in ultrapurification method of the pre-and postsynaptic an incubation buffer containing 25 mM Tris, 2 mM components of the active zone [34] to determine that A MgCl , pH 7.4, and corresponded to the total hippocampal 1 2 receptors are indeed heterogeneously distributed within membranes. The pellet of the other sample was resuspendnerve terminals and synapses in the rat hippocampus.
ed in 1 ml of a 45% v / v Percoll solution made up in a Krebs-Ringer solution (composition 140 mM NaCl, 5 mM KCl, 25 mM HEPES, 1 mM EDTA, 10 mM glucose, pH 7.4). After centrifugation at 14 000 g for 2 min at 4 8C, the 2 . Materials and methods top layer was removed (synaptosomal fraction), washed in 1 ml of Krebs-Ringer solution and resuspended in 10 ml 2 .1. Materials of the incubation buffer. This mixture was centrifuged at 14 000 g for 20 min at 4 8C and the pellet was resuspended Adenosine deaminase (type VI, 2000 U / ml), 8-( p-sulin the incubation buffer and corresponded to the memfophenyl)theophylline (8-SPT) and D-myo-inositol 1,4,5-branes of Percoll-purified nerve terminals. triphosphate were from Sigma (Reagente 5, Portugal) and Both membrane fractions were first incubated with 2 h4-[(2-aminoethyl)amino]carbonylmethyloxyphenyljxan-U / ml adenosine deaminase for 30 min at 37 8C to remove thine (XAC) was from Research Biochemicals (Reagente endogenous adenosine. The suspensions were then cen- ml in the incubation buffer, as previously described [25] . Specific binding was determined by subtraction of the nonspecific binding that was measured in the presence of 2 mM of XAC and represented ,15% of total binding. The binding reactions were stopped by vacuum filtration through Whatman GF / C glass fiber filters, followed by washing of the filters and reaction tubes with 10 ml of the incubation buffer, kept at 4 8C. The filters were then placed in scintillation vials and 5 ml of scintillation liquid (Scintran Cocktail T, Wallac, Pharmacia-Portugal) were added. Radioactivity bound to the filters was determined after 12 h with an efficiency of 55-60% for 2 min. All binding assays were performed in triplicate. buffered with 25 mM HEPES, pH 7.4) plus 2 U / ml of adenosine deaminase to remove endogenous adenosine and the binding assays were performed as described for membranes preparations, except that the Krebs-HEPES solution was used as incubation and washing solutions (see [25] ). The data were initially processed in Microsoft EXCEL by one or two independent binding sites.
it is located in synaptic vesicles) that validates the efficiency of the separation in the three fractions derived from nerve terminals.
.3. Binding studies of N-type calcium channels and IP3
receptors glass fiber filters, followed by washing of the filters and Hippocampal synaptosomes were prepared as described reaction tubes with 4 ml of the incubation solution, kept at above and resuspended in 1 ml of an incubation solution 4 8C. containing 50 mM Tris, 150 mM NaCl, 3 mM KCl, 2 mM EGTA and 0.1% bovine serum albumin, pH 7.4. This 2 .4. Separation of the presynaptic, postsynaptic and solution was then separated in two aliquots and each was extrasynaptic fractions from nerve terminals diluted to a final volume of 2.2 ml. To one of the aliquots (intact synaptosomes) 44 ml of incubation solution was
The separation of the presynaptic, postsynaptic and added, whereas to the other aliquot (permeabilized nonsynaptic fractions was carried out as previously desynaptosomes) 44 ml of Triton X-100 were added. Binding scribed [34, 35] . The overall strategy is presented in Fig. 1 tion solution, as previously described [3, 41] . Specific 23 solubilization buffer (2% Triton X-100, 40 mM Tris, binding was determined by subtraction of the nonspecific pH 6.0) was added to the suspension. The membranes binding that was measured in the presence of either 1 mM were incubated for 30 min on ice with mild agitation and of IP3 or 100 nM v-conotoxin GVIA and represented the insoluble material (synaptic junctions) pelleted (40 000 ,31% of total binding. The binding reactions were g for 30 min at 4 8C). The supernatant (extrasynaptic stopped by vacuum filtration through Whatman GF / C fraction) was decanted and proteins precipitated with six volumes of acetone at 220 8C and recovered by centrifusubunit of N-type calcium channels (1:200 dilution), a1A gation (18 000 g for 30 min at 215 8C). The synaptic subunit of P-type calcium channels (1:500 dilution), junctions pellet was washed in solubilization buffer (pH NMDA receptor subunit 1 (1:400 dilution), NMDA re-6.0) and resuspended in 10 volumes of a second solubilizaceptor subunit 2A (1:800 dilution) or NMDA receptor tion buffer (1% Triton X-100, 20 mM Tris but at pH 8.0). subunit 2B (1:800 dilution). After four washing periods for This increase in pH allows the dissociation of the extracel-10 min with TBS-T containing 0.5% low fat milk, the lular matrix that maintains the presynaptic active zone membranes were incubated with the alkaline phosphatasetightly bound to the postsynaptic density (see [34] ). Hence, conjugated anti-rabbit secondary antibody (1:10 000-the active zone is solubilized whereas the postsynaptic 1:20 000 dilution from Amersham) in TBS-T containing density is essentially preserved because the amount of 1% low fat milk for 90 min at room temperature. After five detergent is not enough for solubilization [34] . After 10-min washes in TBS-T containing 0.5% low fat milk, incubation for 30 min on ice with mild agitation, the the membranes were incubated with ECF for 5 min and mixture is centrifuged and the supernatant (presynaptic then analyzed densitometrically with a Storm (Molecular fraction) processed as described for the extrasynaptic Dynamics). fraction. The protease inhibitor, phenylmethylsulfonyl fluoride (1 mM, from Sigma) was added to the suspension 2 .6. Statistics in all extraction steps. The pellets from the supernatants and the final insoluble pellet (postsynaptic fraction) were
The values presented are mean6S.E.M. of n experisolubilized in 5% SDS, the protein concentration determents. Significance was considered at P#0.05 using the mined by the bicinchoninic acid protein assay and the paired Student's t test. samples were added to an equal volume of 23 SDS-PAGE sample buffer [62.5 mM Tris-HCl, pH 6.8, 25% (v / v) glycerol, 2% (w / v) SDS, 0.01% (w / v) bromophenol 3 . Results blue, 5% (v / v) b-mercaptoethanol] prior to freezing at 220 8C. As shown in Fig. 1 51, 52] . As illustrated in Fig.  3B , the immunoreactivity of a1B subunit that is characteristic of N-type calcium channels is located presynaptically in the active zone, although it is also located in the postsynaptic density where it is apparently more abundant in accordance with its role in controlling postsynaptic termined in the presence of 2 mM XAC, from total binding. The points [20] ). In contrast, we confirmed that the more abundant (Fig. 3D-F) .
immunoreactivity, corresponding to the 36-kDa band, in total hippocampal membranes (total membranes, first two lanes from the left) and from
The last issue we addressed was if the A receptor intracellular compartments compared to plasma membrane interval: 2.56-6.83 nM, n55) (Fig. 4) . This suggests that in intact preparations. Indeed, 8-SPT will occlude the most of the A receptors in hippocampal nerve terminals calcium transients [1, 51] and the evoked release of glutamate [1] , acetylcholine [5, 22] or serotonin [32] from hippocampal preparations. One could also infer that the density of A receptors in nerve terminals of the rat 1 hippocampus might be higher than in other subcellular locations since electrophysiological studies concluded that the inhibitory effect of adenosine on synaptic transmission mostly results from a presynaptic A receptor-mediated 1 inhibition of glutamate release [36, 47] . Accordingly, the receptors is critical to define the efficiency of adenosine to
The points are mean6S.E.M. of five experiments and the curves were modulate synaptic transmission [23] . Among presynaptic generated from the average binding parameters.
modulatory system, it is still largely unknown which are located in the active zone and which are located in the An important issue to consider to validate our concluterminals outside the active zone. This knowledge is sion that A receptors in nerve terminals are mostly important since, although both types of modulatory sys-1 located at the plasma membrane is whether the relation tems can modulate the release of neurotransmitters, it is between intracellular and plasma membranes is maintained predicted that they may act in different conditions [45, 49] . in purified synaptosomes. To address this issue, we studied We now experimentally confirmed that A receptors are 1 the binding to IP3 receptors, that are known to be located enriched in the active zone of hippocampal nerve termiin endoplasmatic reticulum membranes [27] , and the nals. This aspect is crucial to support the two major binding to N-type calcium channels that are known to be hypotheses to explain A receptor-mediated inhibition of 1 essentially located in the plasma membrane [20] . We found neurotransmitter release (inhibition of voltage sensitive somes. Preliminary experiments also found suggest that the terminals [11, 40, 43, 51] , which, to the best of our knowlspecific binding of the selective N-type calcium channel edge, has not received direct experimental confirmation. ized synaptosomes was not higher than that found in intact immunoreactivity in the postsynaptic density, which dissynaptosomes (n52). These results suggest that the relaplays a marked enrichment in NMDA receptor subunits 1, tion between the plasma and intracellular membranes 2A and 2B immunoreactivities (see also [34, 35] 4 . Discussion ceptors has so far received direct experimental support (e.g. [24] ). Thus, the presently observed location of A 1 The main conclusions of the present work are that receptors in the postsynaptic density provides a molecular adenosine A receptors are enriched in nerve terminals and support for a role of A receptors in controlling synaptic 1 1 are mainly located in synapses, both in the active zone and NMDA receptors that trigger synaptic plasticity phenomin the postsynaptic density in the rat hippocampus. The ena. It was also observed that one of the purported location of A receptors in nerve terminals has already molecular targets of A receptor activation, N-type voltage 1 1 been reported by others [9, 12, 18, 46] , but no data were sensitive calcium channels [11, 40, 51, 52] , are mainly lo-cated in the postsynaptic density, although they are also punctual changes in adenosine neuromodulation that may located in the active zone where they regulate the release be of major physiological relevance. of neurotransmitters (e.g. [21] 
